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Abstract: In this paper, the Young’s modulus and the yield strength of the strip 
are considered in order to modify the deformation length analysis proposed by 
Bhattacharyya et al. New analytical equations are developed assuming an 
elastic-perfectly plastic material behaviour and the deformation length analysed 
for the simple case of roll forming a U-channel; the analytical results are 
verified by comparison with experimental data found in the literature. The 
proposed elastic-plastic deformation length is shorter than Bhattacharyya’s 
which is rigid-perfectly plastic. It is observed that the influence of elastic 
properties on the deformation length is not as significant as the plastic 
properties; however, the authors believe that the elastic effects become more 
important under conditions where a major area of the strip is under elastic 
deformation such as when the flange length is long. 
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1 Introduction 
Cold roll forming is a popular sheet metal forming process whose production rates are 
relatively high. This process is able to produce constant cross-section parts with desired 
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lengths. According to Halmos (2006), cold roll forming is conducted at room temperature 
and a change in sheet thickness is not desired. 
In cold roll forming, the flange is stretched in the longitudinal direction as shown in 
Figure 1. The deformation length is the distance before the forming stand where the strip 
deformation starts. 
Figure 1 A schematic of deformation 
 
One of the basic sections in the roll forming process is a trapezoidal channel whose 
specifications are shown in Figure 2. a, b, t, ρ and θ are the flange length, the web length, 
the thickness, the bend radius and the bend angle respectively. 
Figure 2 Specifications of a channel section 
 
Bhattacharyya et al. (1984) proposed equation (1) for the deformation length, L, for a 
symmetric channel section. They minimised the plastic work which is due to longitudinal 
stretching of the flange area and transverse bending of the bend line. They assumed that 
the material behaviour is rigid-perfectly plastic. 
8
3
aθL a
t
=  (1) 
Since they considered neither the elastic deformation nor hardening behaviour, equation 
(1) is independent of the material properties. Zhu (1993) presented an implicit model, 
equation (2), for the bend angle, θ(z), at the distance z from the start of the deformation 
length by assuming a rigid-perfectly plastic material behaviour and considering the radius 
of the female roll, r. 
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( )2 2 22cos ( ) 2 sin ( )coscos
a θ z arz L θ θ z a
θθ
= − + − −  (2) 
If the boundary condition θ(0) = 0 is used, equation (3) will be obtained for the 
deformation length. 
( )2tan 2 tanL a θ r θ a= +  (3) 
It is seen that the equation (3) is independent of the thickness and the material properties. 
Panton et al. (1994) introduced four fundamental types of deformation which can be 
considered in the roll forming process. These deformation types are longitudinal 
stretching, shear, and longitudinal bending of the flange and transverse bending of the 
bend line. They developed some relations for work and strain for each deformation type 
assuming that the material follows a rigid-perfectly plastic behaviour. Nefussi and 
Gilormini (1993) proposed a kinematic approach for predicting the deformation length 
before the first forming stand of a channel section for a rigid-plastic material with  
strain-hardening behaviour. Nefussi et al. (1998) developed their approach by considering 
the elastic behaviour of the material. They concluded that elastic properties may have 
quiet important effects on the deformation length. Nefussi et al. (1999) developed their 
approach for circular tubes and obtained that the flange length effect on the deformation 
length is the same for the circular and the channel sections. Hong et al. (2001) 
investigated the effect of work-hardening coefficient, strip thickness, roll velocity, and 
roll diameter on the forming length using the finite element method and a rigid-plastic 
material model. Although Lindgren (2007a) used a three-dimensional elastic-plastic finite 
element method to study the deformation length, he did not propose a relation for the 
effect of material properties on the deformation length. Lindgren (2007b) presented 
equation (4) to improve the accuracy of Bhattacharyya’s deformation length model using 
a combined method of experimental design and finite element analysis. 
0.8 0.41 0.07
0.2512
a θ YL
t
=  (4) 
where Y is the yield strength. 
Although some research has been focused on the deformation length, there are still no 
explicit relations which express the effect of the elastic range parameters on the 
deformation length. In this paper, a relation was developed for the deformation length by 
assuming an elastic-perfectly plastic material model and considering the Young’s 
modulus and the yield strength. Four deformation types are also taken into account in the 
calculations. Because of the symmetry, only one half of the channel section is considered. 
2 Theory 
The total work is used in this study to estimate the deformation length. In the roll forming 
of a simple channel section, the total work is the sum of the work required for the 
transverse bending of the bend line as well as the work needed for the longitudinal 
stretching, the shearing, and the longitudinal bending of the flange. 
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2.1 Longitudinal stretching of the flange 
Two arbitrary points P and P′  are considered on the strip flange as shown in Figure 3. 
These points were initially at a distance δz from each other and at a distance xf from the 
bend line. When the strip progresses along the longitudinal direction by an amount of z 
and the bend angle becomes θ, the new positions of P and P′  will be (xf cosθ, xf sinθ, 0) 
and (xf cos(θ + δθ),xf sin(θ + δθ), δz) respectively. Therefore, the distance of the points P 
and P′  is not equal to δz after the deformation. Assuming that each point follows a 
helical path on a circular cylinder during the deformation, the distance xf remains 
constant and transverse sections remain plane and orthogonal without any change in their 
distance on the mid-surface. 
Figure 3 Positions of two arbitrary points on the flange 
 
Hence, it is possible to find the longitudinal strain, els, due to longitudinal stretching 
using equation (5) which is also reported by Bhattacharyya et al. (1984) and Panton et al. 
(1994, 1996). 
2
21
2ls f
dθe x
dz
⎛ ⎞= ⎜ ⎟⎝ ⎠  (5) 
According to equation (5), the longitudinal strain increases form the bend line to the strip 
edge leading to a strain maximum at the strip edge. At the starting point of the 
deformation length, z = 0, the deformation is completely elastic along the flange length. 
At the centre line of the rolls where the strip deformation is finished, there are two 
deformation zones along the flange. The deformation is elastic near the bend line and 
becomes elastic-plastic at a specific distance from the bend line. This distance can be 
estimated using a ratio m which is introduced by equation (6) where ey and epeak are the 
yield strain of the strip and the peak longitudinal strain respectively. If it is assumed that 
the distribution of the elastic zone along the deformation length is a linear function of 
distance from the start of deformation, the boundary of the elastic and the elastic-plastic 
zones, xy_ls(z), can be represented by equation (7). A schematic of these zones with their 
boundary are shown in Figure 4. 
y
peak
e
m
e
=  (6) 
_ ( ) ( 1)y ls
ax z m z a
L
= − +  (7) 
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Figure 4 Linear distribution of the elastic area on the flange 
 
Bhattacharyya et al. (1987) proposed equation (8) for the peak longitudinal strain which 
occurs at the strip edge. 
( )31 1 cos 1
4peak
te θ
aθ
= + − −  (8) 
For an elastic-perfectly plastic material, the longitudinal stress due to longitudinal 
stretching is the yield strength Y at the elastic-plastic zone. At the elastic zone, the 
longitudinal stress along the bend line is zero and increases until it reaches the yield 
strength leading to elastic-perfectly plastic deformation. It is assumed that the 
longitudinal stress distribution is a linear function of the vertical distance from the bottom 
of the web as mentioned by Bhattacharyya et al. (1987). Figure 5 shows the stress 
distribution in the flange. 
Figure 5 Stress distribution of the flange 
 
Hence, equation (9) represents the elastic-plastic work due to the longitudinal stretching 
of the flange. 
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32 2
_
6 24
y ls
ls
xdθ aW Yt
dz
⎡ ⎤⎛ ⎞= −⎢ ⎥⎜ ⎟⎝ ⎠ ⎣ ⎦  (9) 
If the flange deformation is completely elastic, m >= 1, the elastic-plastic work converts 
to elastic work which is represented by equation (10). 
2
3
_
1
8ls e
dθW Ya t
dz
⎛ ⎞= ⎜ ⎟⎝ ⎠  (10) 
2.2 Shear of the flange 
An arbitrary element of the flange is shown in Figure 6 in order to predict the shear of the 
flange. The arbitrary points Q, ,Q′  Q′′  and Q′′′  are considered on the element at the 
mid-surface. If there is no shear deformation at the flange, γ = 0, the corresponding point 
of point Q will be Q′  and QQ′  will be perpendicular to ( 90 ).QQ φ′′ = D  Otherwise, the 
corresponding point of point Q will be Q′′′  and QQ′′′  will not be perpendicular to .QQ′′  
Figure 6 An arbitrary element form the flange (shear deformation) 
 
During the deformation the section that includes point Q rotates around the bend line, 
axis z, with an angle dθ and moves from z to z + dz. Since the shear strain γ is the angle 
between QQ′  and ,QQ′′′  it can be calculated with the angle φ. One way to estimate the 
angle φ is to calculate the dot product of vectors ′′′QQ  and .′′QQu  The vector ′′′QQ  
connects the point Q to Q′′′  while ′′QQu  is the unit vector from point Q to .Q′′  The 
calculations show that the dot product of the vectors ′′QQu  and ′′′QQ  is zero. Therefore, 
φ = 90° and the shear strain is zero. This means that the planar shear work, Ws, at the 
flange of a channel is zero for the assumed mode of deformation. 
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2.3 Longitudinal bending of the flange 
In order to predict the longitudinal bending of the flange, an arbitrary element from the 
flange is considered as shown in Figure 7 where the arbitrary points Q, Q′  and Q′′  are 
considered on the mid-surface. 
Figure 7 An arbitrary element form the flange (longitudinal bending) 
 
Assuming that there is longitudinal bending thorough the axis z at the flange, the  
mid-surface length, dz, remains constant but the length of the other surfaces which are at 
the top and the bottom of the mid-surface change. The new length of these surfaces can 
be calculated based on their distance from the mid-surface and the new curvature of the 
mid-surface due to longitudinal bending. Hence, the longitudinal strain due to 
longitudinal bending for a surface which is at a distance yf under the mid-surface can be 
found using equation (11). 
2
2lb f f
d θe x y
dz
=  (11) 
There is an elastic core in the neighbourhood of the mid-surface where the stress 
distribution is a linear function of the distance from the mid-surface. In the elastic-plastic 
zones which are at the top and the bottom of the elastic zone, the stress is equal to the 
yield strength of the material. A schematic of the elastic and the elastic-plastic zones is 
shown in Figure 8 for half of the thickness. 
It is observed in Figure 8 that all deformation before the point xe_lb is elastic thorough 
the thickness. This point and the boundary of the elastic and the elastic-plastic zones, 
ye_lb(xf), can be found using equations (12) and (13). 
_ 2
2
2
e lb
Yx
d θEt
dz
=  (12) 
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( )_ _2
2
,e lb f f e lb
f
Yy x x x
d θE x
dz
= >  (13) 
where E is the Young’s modulus. Hence, the longitudinal bending work can be calculated 
by equation (14). 
2
2lb
d θW ψ κ
dz
⎛ ⎞= +⎜ ⎟⎝ ⎠  (14) 
where ψ and κ are two constants which are related to the geometry and the material 
parameters. 
Figure 8 A schematic of the elastic and the elastic-plastic zones in longitudinal bending 
 
2.4 Transverse bending along the bend line 
Experimental data reported by Bhattacharyya and Smith (1984) shows that the strains 
along the longitudinal direction are approximately zero in the web and the bend. Bearing 
in mind that the strip is thin, the roll pressure on the strip is much smaller than the 
stresses which occur in the strip due to the deformation. Hence, the deformation process 
can be assumed to be plane strain and plane stress. According to the nature of 
deformation, it is possible to consider the transverse bending along the bend line as a pure 
bending problem of plates leading to equation (15) which represents the transverse 
bending work. 
2 21 41
4 3tb
W Yt G θ⎛ ⎞= −⎜ ⎟⎝ ⎠  (15) 
where G is defined by equation (16). 
( )21 ρ YG ν
t E
= −  (16) 
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ν is the Poisson’s ratio of the strip. 
2.5 Finding the deformation length 
Equation (17) is used to calculate the total work consumed during the deformation. 
[ ]
0
L
t ls s lb tbW W W W W dz= + + +∫  (17) 
After calculating the total work for both the elastic and the elastic-plastic cases, the 
Euler’s Equation is used to minimise the total work and to find the deformation length. 
Hence, equations (18) and (19) represent the elastic deformation length, Le, and the 
elastic-plastic deformation length, Lep, respectively. 
Π pe
aθ
L a
t
=  (18) 
Ω pep
aθ
L a
t
=  (19) 
where 
2
6
Π
3 4 G
= −  
and 
4 3 2
2
0.082 0.012 0.210 0.075 2.808
Ω
3 4
m m m m
G
− + − − +=
−
 
Equations (18) and (19) are similar to equation (1) with regard to the effective 
geometrical variables and their rank. If the deformation changes from elastic-plastic to 
elastic, Ω will approach to Π and Lep will convert to Le. While Le is dependent on the 
Young’s modulus and yield strength of the material thorough G, Lep is a function of the 
Young’s modulus and the yield strength not only thorough G but also thorough m. Hence, 
if the Young’s modulus and the yield strength change, the deviation of elastic 
deformation length will be almost negligible. Unlike the elastic deformation, the  
elastic-plastic deformation length is very sensitive to the change of Young’s modulus and 
yield strength. 
3 Verification 
In order to validate the proposed analytical equations, their output for the deformation 
length is compared with the experimental data reported by Bhattacharyya et al. (1984) in 
Figures 9 and 10. 
 
   
 
   
   
 
   
   
 
   
    Theoretical extension of elastic-perfectly plastic deformation length                43    
 
    
 
 
   
   
 
   
   
 
   
       
 
Figure 9 Proposed deformation length and Bhattacharyya’s deformation length compared to the 
experimental data (Bhattacharyya et al., 1984) versus forming angle 
 
It is observed that considering the elastic properties of the material makes the proposed 
deformation length shorter than Bhattacharyya’s. This leads to a better agreement with 
the experimental data. In Figure 10, in order to have a better presentation of the data, the 
deformation lengths which are corresponding to the forming angles 25° and 30° are 
increased by 10 mm and 20 mm respectively. 
Figure 10 Proposed deformation length and Bhattacharyya’s deformation length compared to the 
experimental data (Bhattacharyya et al., 1984) versus flange length 
 
It is obvious that there is a good agreement between the proposed deformation length and 
the experimental data. In order to have a better comparison between the ability of the 
proposed formula and that of the Bhattacharyya’s formula in predicting the deformation 
length, their relative errors are shown in Figure 11. 
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Figure 11 Relative errors of proposed deformation length and Bhattacharyya’s deformation 
length 
 
Figure 11 shows that the accuracy of the proposed formula is higher than that of 
Bhattacharyya’s formula. 
As mentioned by Panton et al. (1992) and Azizi Tafti et al. (2012), the peak 
longitudinal strain is higher for smaller flange lengths. Since the flange lengths in Figures 
9 and 10 are relatively small, the elastic deformation is significantly smaller compared to 
the plastic deformation and the proposed deformation lengths are very close to those of 
Bhattacharyya. Therefore, when the flange length is small, the elastic behaviour can be 
neglected. This is in agreement with (Nefussi et al., 1998) who concluded that the elastic 
effects on the deformation length may be quiet important. 
4 Conclusions 
In this paper, a new analytical model is presented that considers four types of 
deformation in the roll forming of a channel section and includes the elastic properties of 
the material such as the Young’s modulus and the yield strength. It is observed that the 
proposed deformation length equation gives similar results compared to Bhattacharyya’s 
model for various channel section parameters. Including the elastic behaviour results in a 
decreased deformation length that is shorter compared to that predicted by Bhattacharya’s 
model for a rigid-perfectly plastic material. The results show that the influence of the 
elastic properties is not as important as the plastic material properties under forming 
conditions where the elastic deformation is significantly smaller compared to the plastic 
deformation. 
References 
Azizi Tafti, R., Weiss, M., Moslemi Naeini, H. and Salmani Tehrani, M. (2012) ‘The effect of 
material and geometric variables on the straightness of a roll formed channel’, Paper presented 
at the 15th International Conference on Advances in Materials & Processing Technologies 
Conference 2012 (AMPT 2012), Wollongong, NSW, Australia, 23–26 September. 
 
 
   
 
   
   
 
   
   
 
   
    Theoretical extension of elastic-perfectly plastic deformation length                 45    
 
    
 
 
   
   
 
   
   
 
   
       
 
Bhattacharyya, D. and Smith, P. (1984) ‘The development of longitudinal strain in cold roll 
forming and its influence on product straightness’, Advanced Technology of Plasticity: 
Proceedings of the First International Conference on Technology of Plasticity, Tokyo, Vol. 1, 
pp.422–427. 
Bhattacharyya, D., Smith, P., Yee, C.H. and Collins, I.F. (1984) ‘The prediction of deformation 
length in cold roll forming’, Journal of Mechanical Working Technology, Vol. 9, No. 2, 
pp.181–191. 
Bhattacharyya, D., Smith, P.D., Thadakamalla, S.K. and Collins, I.F. (1987) ‘The prediction of  
roll load in cold roll-forming’, Journal of Mechanical Working Technology, Vol. 14, No. 3, 
pp.363–379. 
Halmos, G.T. (2006) Roll Forming Handbook, 1st ed., CRC Press, New York. 
Hong, S., Lee, S. and Kim, N. (2001) ‘A parametric study on forming length in roll forming’, 
Journal of Materials Processing Technology, Vol. 113, Nos. 1–3, pp.774–778. 
Lindgren, M. (2007a) ‘An improved model for the longitudinal peak strain in the flange of a roll 
formed U-channel developed by FE-analyses’, Steel Research International, Vol. 78, No. 1, 
pp.82–87. 
Lindgren, M. (2007b) ‘Cold roll forming of a U-channel made of high strength steel’, Journal of 
Materials Processing Technology, Vol. 186, Nos. 1–3, pp.77–81. 
Nefussi, G. and Gilormini, P. (1993) ‘A simplified method for the simulation of cold-roll forming’, 
International Journal of Mechanical Sciences, Vol. 35, No. 10, pp.867–878. 
Nefussi, G., Proslier, L. and Gilormini, P. (1998) ‘A simulation of cold roll forming for 
elastoplastic materials’, International Journal of Mechanical Sciences, Vol. 40, No. 1,  
pp.15–25. 
Nefussi, G., Proslier, L. and Gilormini, P. (1999) ‘Simulation of the cold roll forming of circular 
tubes’, Journal of Materials Processing Technology, Vol. 95, Nos. 1–3, pp.216–221. 
Panton, S.M., Duncan, J.L. and Zhu, S.D. (1996) ‘Longitudinal and shear strain development  
in cold roll forming’, Journal of Materials Processing Technology, Vol. 60, Nos. 1–4,  
pp.219–224. 
Panton, S.M., Zhu, S.D. and Duncan, J.L. (1992) ‘Geometric constraints on the forming path in roll 
forming channel sections’, Proceedings of the Institution of Mechanical Engineers, Part B: 
Journal of Engineering Manufacture, Vol. 206, No. B2, pp.113–118. 
Panton, S.M., Zhu, S.D. and Duncan, J.L. (1994) ‘Fundamental deformation types and sectional 
properties in roll forming’, International Journal of Mechanical Sciences, Vol. 36, No. 8, 
pp.725–735. 
Zhu, S. (1993) Theoretical and Experimental Analysis of Roll Forming, PhD thesis, University of 
Auckland, Auckland, New Zealand. 
